Summary. Seven (27 %) of 26 gentamicin-resistant human clinical isolates of Escherichia coli were resistant to the veterinary aminoglycoside antibiotic apramycin. A gentamicin-resistant Klebsiella pneumoniae isolate from a patient infected with gentamicin/apramycin-resistant E. coli was also resistant to apramycin. DNA hybridisation studies showed that all gentamkin/ apramycin-resistant isolates contained a gene encoding the enzyme 3-N-aminoglycoside acetyltransferase type IV (AAC[3]IV) that mediates resistance to gentamicin and apramycin in bacteria isolated from animals. Seven of the eight gentamicin/apramycin-resistant isolates were also resistant to the veterinary antihelminthic agent hygromycin B, a phenomenon observed previously in gentamicin/apramycin-resistant Enterobacteriaceae isolated from animals. Resistance to gentamicin/apramycin and hygromycin B was cotransferable in six of the isolates. Restriction enzyme analysis of plasmids in apramycinresistant transconjugants derived from E. coli and K. pneumoniae isolates from the same patient were virtually identical, suggesting that inter-generic transfer of plasmids encoding apramycin resistance had occurred in vivo. These findings support the view that resistance to gentamicin and apramycin in clinical isolates of E. coli results from the spread of resistant organisms from animals to man, with subsequent inter-strain or inter-species spread, or both, of resistance genes on transferable plasmids.
Introduction
Apramycin is an aminoglycoside antibiotic which has been used extensively in veterinary medicine since 1980.l However, it has not been used therapeutically in man. Although early studies indicated that resistance to apramycin was rare in bacteria from either human or veterinary source^,^-^ resistant organisms, particularly Escherichia coli and Salmonella spp., have been isolated from the faeces of farm animals treated with apramycin.' Investigation of the mechanism of resistance in isolates from farm animals in the USA showed that the organisms produced a novel aminoglycoside-modifying enzyme subsequently designated (3)N-aminoglycoside acetyltransferase type IV (AAC- [3] IV).5 This enzyme acetylated not only apramycin but other aminoglycosides including gentamicin and tobramycin, which are used to treat serious infections in man.j Subsequent studies have shown a similar mechanism of resistance in apramycin-resistant Salmonella spp. and E. coli isolated from farm animals in the UK1*637 and France. ' The observation that apramycin usage in veterinary medicine may result in carriage and faecal excretion by farm animals of enteric bacteria cross-resistant to gentamicin, gave rise to concern that these resistant bacteria might spread to man. Indeed, in 1986, Threlfall and co-workers reported the isolation of S. typhimurium phage type 204c resistant to apramycin and gentamicin from both cattle and man.6 Subsequently, other species of Enterobacteriaceae resistant to apramycin and gentamicin due to production of AAC(3)IV have been isolated from patients in hospitals in B e l g i~m ,~
Spain'' and the UK.ll In view of this, a collection of gentamicin-resistant Enterobacteriaceae obtained from patients in the UK were assessed for resistance to apramycin, and resistant organisms detected were studied with regard to the mechanism and genetics of their resistance.
Materials and methods

Apramycin-resistant isolates
Twenty-six non-faecal clinical isolates of gentamicin-resistant E. coli referred to the Laboratory of Hospital Infection during 1987-1988 were screened for resistance to apramycin by an agar incorporation 
Determination of minimum inhibitory concentrations (MICS)
MICs of several antimicrobial agents, including apramycin and hygromycin B (kindly provided by Lilly Research Laboratories), were determined by an agar dilution method in Isosensitest agar supplemented with lysed horse blood 2 YO v/v. Serial two-fold dilutions of each antimicrobial agent were incorporated into the medium and plates were inoculated by a multipoint inoculator (Diamed Diagnostics) with an inoculum of 104-105 cfu/spot.
Plasmid analysis
Plasmids were extracted by the method of Kado and Liu12 and separated by electrophoresis in agarose 0.7-0.8% w/v gels. The molecular sizes of plasmids were estimated by comparison with plasmids of known size. In some experiments, extracted plasmids were digested with restriction endonucleases under conditions specified by the enzyme manufacturer (Boehringer Mannheim), and the resulting fragments were separated by agarose gel electrophoresis. The sizes of restriction fragments were determined by comparison with fragments of linear DNA of known size (DNA mo1.-wt markers I and 11; Boehringer Mannheim).
Transfer of apramycin resistance
Conjugation experiments were performed overnight in stationary broth culture at 37°C. The recipient organism was E. coli strain 14R525 which is plasmidfree and resistant to nalidixic acid. Transconjugants were detected by plating the mixture of donor and recipient organisms on nutrient agar containing nalidixic acid 50 mg/L and apramycin 16 mg/L.
Probe for gene encoding AAC(3)IV
The DNA probe specific for the gene encoding production of AAC(3)IV consisted of a 740-bp Sac1 fragment of plasmid pWP70 1 . 13 Plasmid pWP70 1 was purified on a Qiagen column (Qiagen pack 500, Diagen) and digested overnight with Sac I. The 740-bp fragment was separated by electrophoresis through an agarose 1 YO w/v gel, extracted from the gel by Prep-aGene (BioRad), and labelled with digoxigenin from a commercially available kit (Non-radioactive DNA Labelling and Detection Kit, Boehringer Mannheim).
Preparation of DNA for hybridisation studies
For dot-blot assays, DNA extracted from bacteria as described previo~slyl~ was denatured by heating at 95°C for 10 min, cooled on ice and spotted on to nylon membranes (Hybond, Amersham), and allowed to dry in air. The membranes were baked at 80°C for 2 h then stored at room temperature until required.
For Southern blot analysis of plasmid DNA, plasmids were extracted and subjected to gel electrophoresis as described above, then transferred to nylon membranes with vacuum blotting equipment (Vacugene, Pharmacia LKB). The membranes were baked at 80°C for 2 h to fix the DNA and then stored at room temperature.
Results
Ant im icro bial resis tance
The MICs of apramycin, gentamicin, tobramycin and hygromycin B for the eight clinical isolates are shown in There was inter-isolate variation with regard to susceptibility to tetracycline, ampicillin and trimethoprim (table I) but all the isolates were susceptible to ciprofloxacin, chloramphenicol, cefuroxime, cefotaxime and ceftazidime.
Plasmid content of clinical isolates
With the exception of isolates El79 and K180, all the gentamicin/apramycin-resistant isolates exhibited distinct plasmid profiles ; the plasmids from isolates from the same geographical area varied with regard to both number and molecular sizes. Isolates El79 and K180, which were isolated from the same clinical source, each contained a single plasmid of c. 90 kb. All the other isolates contained either three or four plasmids which ranged in size from 1.5 kb to c. 90 kb.
Transfer of apramycin resistance Apramycin-resistant transconjugants were obtained from six of the eight clinical isolates (E179, K180, E444, E548, E550 and E597) (table 11). All the apramycin-resistant transconjugants were resistant to gentamicin, tobramycin and hygromycin B (table 11) . Plasmid analysis showed that transconjugants obtained from three isolates (E179, K180 and E597) contained a single high mol. wt plasmid of c. 90 kb. Transconjugants from isolate E548 contained two plasmids of c. 90 kb and 4.5 kb, whereas transconjugants from isolate E550 contained two plasmids of c. 90 kb and 6-8 kb. In contrast, a series of transconjugants from isolate E444 contained two or three plasmids, 50-70 kb in size, many of which did not align with plasmids present in the donor, presumably reflecting molecular re-organisation of the plasmids during conjugation. For further study of this isolate, one transconjugant was chosen which contained two plasmids of c. 50 kb and 60 kb respectively, the larger of which aligned with a plasmid present in the donor.
Restriction enzyme digestion analysis showed that the single plasmids present in the transconjugants derived from isolates El79 and K180 were virtually identical. EcoRI digests of both plasmids each comprised a series of 14 similar fragments, from 1.2 to 23 kb in size (figure). The plasmid in the transconjugant derived from isolate El79 differed from the plasmid in the transconjugant from isolate K180 in that the latter plasmid contained a unique EcoRI fragment of c. 4 kb (figure). A similar type of result was obtained with ClaI. In contrast, the EcoRI and ClaI digestion profiles of the single plasmid in the transconjugant from isolate E597 appeared quite distinct (data not shown).
Hy br idisa t ion studies
In dot-blot assays, the DNA probe specific for the gene encoding AAC(3)IV hybridised with DNA extracted from each of the apramycin-resistant clinical isolates. DNA extracted from five isolates of E. coli sensitive to apramycin and the apramycin-sensitive variant of isolate E550 (E550S) failed to hybridise with the probe.
When Southern blots of plasmid preparations of the apramycin-resistant clinical isolates were tested, a single plasmid in each of six isolates (E179, K180, E545, E548, E550 and E635) hybridised with the probe. The size of the plasmids that hybridised with the probe ranged from c. 70 to 90 kb. With two isolates (E444 and E597), hybridisation of the probe with plasmid DNA was not observed. In subsequent experiments, Southern blots of plasmids from isolates exhibiting transferable resistance together with plasmids from their respective transconjugants were examined. A single plasmid of c. 90 kb that hybridised with the probe was observed in isolates E179, K180, E548, E550 and their respective transconjugants. As before, no hybridisation was observed with plasmids from isolates E444 and E597, but a plasmid of c. 70 kb in the transconjugant from isolate E444, and a plasmid of c. 90 kb in the transconjugant from isolate E597 did hybridise with the probe.
Discussion
Studies of gent amicin/ apramycin-resist an t Enterobacteriaceae isolated from animals have shown that resistance is due to production of the enzyme AAC(3)IV.5-8 Molecular analysis of an apramycinresistant Salmonella sp. of animal origin13 further showed that the gene encoding AAC(3)IV is closely linked to a gene encoding resistance to the aminocyclitol antibiotic hygromycin B, which has been used as an antihelminthic agent in farm animals. Therefore, it was interesting to note that each of the eight clinical isolates of gentamicin/apramycin-resistant Enterobacteriaceae described in the present study hybridised with a DNA probe specific for the gene encoding AAC(3)IV, and that seven of the eight isolates were also resistant to hygromycin B.
Resistance to apramycin was transferable in six of the eight clinical isolates. A DNA probe specific for the gene encoding the enzyme AAC(3)IV hybridised with individual plasmids present in four isolates with transferable resistance, and also with plasmids present in their respective transconjugants. In contrast, although the probe reacted with whole-cell DNA of two further isolates with transferable resistance, no hybridisation was observed with extracted plasmid DNA, suggesting a chromosomal location for the gene. The observation that the probe did hybridise with plasmid DNA in transconjugants derived from the latter two isolates suggests transposition of the gene from the chromosome to a plasmid during conjugation. Several workers have reported insertion sequences associated with the genes encoding resistance to apramycin and hygromycin B,l09l3 which is compatible with these observations. With the six isolates in which apramycin resistance was found to be transferable, resistant transconjugants always acquired resistance to hygromycin B. In transconjugants produced by three donor isolates, only a single plasmid was transferred suggesting that the genes for resistance to apramycin and hygromycin B were linked on the same plasmid. These observations are in agreement with the previously reported finding that the genes for resistance to apramycin and hygromycin B are in the same operon and would thus be transferred jointly," but with transconjugants from other donors such linkage could not be inferred as more than one plasmid was transferred. However, one isolate (E550), which transferred more than one plasmid in mating experiments, gave rise to a gentamicin/apramycin-sensitive variant on subculture. This variant, which had lost a single plasmid, also became sensitive to hygromycin B, indicating that both resistance genes were encoded by this plasmid.
As apramycin and hygromycin B have never been used in human medicine, the most likely explanation for the emergence of resistance to gentamicin and apramycin due to production of AAC(3)IV in human isolates of Enterobacteriaceae, and in particular E. coli, is that the genetic determinant of resistance has been acquired either directly or indirectly from gentamicin/apramycin-resistant bacteria of veterinary origin. For example, apramycin-resistant S. typhimurium phage type 204c originally isolated from cattle, was also subsequently isolated from man6 Although infection or colonisation of man with such organisms may be transient, the genes encoding apramycin resistance may be transferred by conjugation to other strains of the Enterobacteriaceae found in the normal human intestinal flora. Such inter-generic transfer of a plasmid encoding resistance to apramycin has recently been reported in cattle.' In the present study, restriction enzyme analysis of the plasmids encoding resistance to apramycin and hygromycin B in the E. coli (E179) and K. pneumoniae (K180) isolates from the same patient were very similar, suggesting that inter-generic plasmid transfer had occurred in a human host.
An alternative explanation for the emergence of gentamicin/apramycin resistance resulting from the production of AAC(3)IV in bacteria in man, is that the resistance trait evolved independently from that seen in bacteria from animals, under the selection pressure of gentamicin and tobramycin usage in clinical medicine. According to this hypothesis, it is reasonable to expect that other species of Enterobacteriaceae besides E. coli and Salmonella spp. would also exhibit resistance to gentamicin and apramycin resulting from the production of AAC (3) 5 and Salmonella ~p p . ,~ which are species known to spread from animals to man. We have insufficient clinical and epidemiological data to determine whether the patients infected with the gentamicin/apramycin-resistant E. coli reported here acquired the infecting organisms either directly or indirectly from veterinary sources or whether the isolates were components of the patients' own bacterial flora that had acquired resistance genes from other organisms (e.g., Salmonella spp.) of veterinary origin. Although some of the isolates belonged to serogroups 08, 0 7 5 and 0 1 17, which occur commonly in animals (Dr C. Wray, personal communication), these serogroups are also common among human clinical isolates (Dr T. Cheasty, personal communication).
The seven clinical isolates of gentamicin/ apramycin-resistant E. coli reported here belonged to various serogroups, showed distinct plasmid and antibiotic-resistance profiles and were from various geographical locations, suggesting that they were not related epidemiologically. Although the number of isolates described here is small, resistance to apramycin is not routinely investigated in clinical laboratories, and therefore, the extent of the problem is unknown. However, it should be noted that in a recent study of gentamicin-resistant E. coli isolated in a hospital in Liverpool, 26 YO of the isolates (a figure similar to that noted in the present study) were resistant to apramycin.'l The incidence of resistance to gentamicin remains relatively low in bacteraemia isolates of E. coli in the UK (1-2 l 6 but the fact that clinical isolates of bacteria resistant to gentamicin and apramycin resulting from the production of AAC(3)IV have also been detected in Belgiumg and Spain'' suggests that the problem may be widespread. Clearly, further work is needed to study the epidemiology of the problem, both in human clinical and veterinary settings.
